Aim: To assess the contribution of single nucleotide polymorphisms (SNP) and haplotypes in the peroxisome proliferator-activated receptor-γ co-activator-1 (PPARGC1) and adiponectin genes to normal bone mineral density (BMD) variation in healthy Chinese women and men. Methods: We performed populationbased (ANOVA) and family-based (quantitative trait locus transmission disequilibrium test) association studies of PPARGC1 and adiponectin genes. SNP in the 2 genes were genotyped. BMD was measured using dual-energy X-ray absorptiometry in the lumbar spine and hip in 401 nuclear families with a total of 1260 subjects, including 458 premenopausal women, 20-40 years of age; 401 postmenopausal women (mothers), 43-74 years of age; and 401 men (fathers), 49-76 years of age. Results: Significant within-family association was found between the Thr394Thr polymorphism in the PPGAGC1 gene and peak BMD in the femoral neck (P=0.026). Subsequent permutations were in agreement with this significant within-family association result (P=0.016), but Thr394Thr SNP only accounted for 0.7% of the variation in femoral neck peak BMD. However, no significant withinfamily association was detected between each SNP in the adiponectin gene and peak BMD. Although no significant association was found between BMD and SNP in the PPARGC1 and adiponectin genes in both men and postmenopausal women, haplotype 2 (T-T) in the adiponectin gene was associated with lumbar spine BMD in postmenopausal women (P=0.019). Conclusion: Our findings suggest that Thr394Thr SNP in the PPARGC1 gene was associated with peak BMD in the femoral neck in Chinese women. Confirmation of our results is needed in other populations and with more functional markers within and flanking the PPARGC1 or adiponectin genes region.
Introduction
Osteoporosis is characterized by a decrease in bone mass as well as a deterioration of the bone architecture resulting in an increased risk of fracture. Osteoporosis is multifactorial, and is dependent on environmental and genetic factors. Bone mineral density (BMD) achieved in early adulthood (peak bone mass) is a major predictor of osteoporotic fracture risk. Although environmental factors such as nutrition and physical activity influence the attainment of peak BMD, there is a strong evidence for a major genetic contribution to normal variation in peak BMD [1] [2] [3] . Greater body weight is associated with a reduced risk of osteoporotic vertebral and hip fractures, but the mechanism of this effect is not well understood. Weight is the major anthropomorphic determinant of BMD [4, 5] . Body fat mass (BFM) has been proposed as a better predictor of BMD than body weight and lean mass [6] . High BFM is associated with high leptin levels [7] . In contrast to leptin, adiponectin is negatively correlated with body mass index (BMI), BFM, and fasting insulin concentrations and calculated insulin resistance [8, 9] . Several genetic studies have observed evi-dence of association between adiponectin gene polymorphisms and features of the metabolism syndrome, such as obesity and insulin resistance [10, 11] . However, clinical studies attempting to associate plasma adiponectin levels with bone mass have been inconclusive. Kontogianni et al [12] found that circulating adiponectin levels did not exert any effect on BMD in 80 perimenopausal healthy women. In an Estonia study, however, significant negative relationships were observed between plasma adiponectin and total BMD and lumbar spine BMD values in 38 perimenopausal women. Adiponectin had a significant negative association with total BMD and lumbar spine BMD independent of the influence that other measured body compositional, hormonal or physical performance factors may exert on BMD [13] , therefore, more studies need to be done in this area.
Peroxisome proliferator-activated receptor-γ coactivator-1 (PPARGC1) is a co-activator of PPAR-γ and other nuclear hormone receptors, and plays an important role in energy homeostasis. Human PPARGC1 was mapped to chromosome 4p15.1 [14] . This chromosomal region has been associated with abdominal subcutaneous fat in the Quebec Family Study [15] . Subsequently, Esterbauer et al [16] investigated associations of 2 polymorphisms (Gly482Ser and +2962A/G) identified in PPARGC1 transcripts with obesity indices in 591 middle-aged men and 467 middle-aged women of a crosssectional Austrian population. The results showed that the haplotypes were significantly associated with BMI and total body fat in women, but not in men. Perhaps the association between bone mass and body weight will be demonstrated by way of investigating adiponectin and PPARGC1, however, so far, no published report has investigated the relationship between bone mass and single nucleotide polymorphisms (SNP) in adiponectin and PPARGC1 genes. In this study, we performed population-and family-based association studies of adiponectin and PPARGC1 to test whether SNP in adiponectin and PPARGC1 were associated with BMD variation in the spine and hip in our subjects of healthy Chinese Han men and women.
Materials and methods

Subject population
The study was approved by the Ethnic Committee of the Shanghai Jiao Tong University Affiliated Sixth People's Hospital (Shanghai, China). All of the subjects involved in the study were collected by the department of osteoporosis from a local population of Shanghai City located on the middle-east coast of China and signed informed consent documents before entering the project. We recruited 401 nuclear families composed of both parents and at least 1 healthy female child whose age was largely between 20-40 years, with a total of 1260 individuals. All the study subjects belonged to the Chinese Han ethnic group, and all the children were daughters. The average family size was 3.14, in which 348, 50, 2, and 1 families had 1, 2, 3, and 4 children, respectively. For each study subject, we also collected information on age, sex, medical history, family history, marital status, menses history, obstetrical history, physical activity, alcohol use, diet, smoking history, etc. The recruiting daughters were healthy. The exclusion criteria was adopted as previously reported [17, 18] . BMD measurements BMD (g/cm 2 ) of the anteroposterior lumber spine 1-4 (L1-4) and left proximal femur including total hip and femoral neck were measured by dual-energy X-ray absorptiometry (DXA) on a Hologic QDR 2000 (Hologic Inc, Bedford, MA, USA). The DXA scanner was on fan-beam mode. The machine was calibrated daily. The coefficient of variability (CV) for BMD and BS values was obtained from 5 repeated measurements on 7 individuals. CV values of the DXA measurements in the spine, total hip and femoral neck were: for BMD, 0.9%, 0.8%, and 1.93%, respectively [18, 19] . Height and weight were measured using standardized equipment.
SNP genotyping DNA was isolated from peripheral blood leukocytes using conventional methods. The 3 SNP in the PPARGC1 gene (EMBL AF106698) were examined by the PCRrestriction fragment length polymorphism (RFLP) as described previously [20, 21] . DNA fragments containing each SNP (163 bp for SNP Thr394Thr, 452 bp for SNP Gly482Ser and 343 bp for SNP Thr612Met) were amplified by PCR from genomic DNA. The sequences of the primers to detect Gly482Ser polymorphism in exon 8 were 5'-TGAGAGAGAC-TTTGGAGGCA-3' and 5'-GGAATATGGTGATCGGGAAC-3'. The sequences of the primers to detect Thr394Thr (ACG→ ACA) polymorphism in exon 8 were 5'-GCCAGTCAA-TTAATTCCAAACC-3' containing 1 nucleotide mismatch (underlined), which made it possible to use the restriction enzyme MspI and 5'-TTGGAGCTGTTTTCTTGTGC-3'. The Thr612Met variation in exon 9 was amplified with primers 5'-AGTGCCGATAAACTTGGG-3' and 5'-TTCCTCGTAGCTG-TCATACC-3'. PCR was performed on 30 PCR products were digested overnight at 37 °C with AvaI for T45G SNP and BsmI for G276T SNP, according to the manufacturer's instructions, and electrophoresed on 2.5% agarose gels. T45G genotypes were observed: the TT genotype produced a 456 bp fragment, the GG genotype produced 313 bp and 143 bp fragments, and the TG genotype produced 143 bp, 313 bp and 456 bp fragments. The G276T GG genotype produced a 456 bp fragment, the TT genotype produced 82 bp and 374 bp fragments, and the GT genotype produced 82 bp, 374 bp, and 456 bp fragments.
Haplotype assignment The SimWalk2 program estimated the most probable set of fully typed maternal and paternal haplotypes of the Gly482Ser, Thr612Met and Thr394Thr markers in the PPARGC1 gene, and the G276T and T45G markers in the adiponectin gene for each individual in the nuclear families [22] . The frequencies of genotypes and haplotypes were calculated with the unrelated parents of nuclear families. The significant level of linkage disequilibrium (LD) between the markers of the same gene was assessed based on the observed haplotype and allele frequencies using the HAPLOXT program [23] . LD was expressed as "D'" between all pairs of biallelic loci.
Statistical analysis Allele frequencies were estimated by gene counting. The Hardy-Weinberg equilibrium was tested by a χ 2 goodness of fit statistic. In this study, the values of BMD in the spine and hip did not significantly deviate from normal distribution. In all statistical analyses, raw bone phenotypic values were adjusted by age and weight as covariates. Different samples were used for the population-based association test and the family-based test (quantitative trait locus transmission disequilibrium test, QTDT). Because our premenopausal women consisted of sibling data, 1 sister from each of the 401 families was randomly selected to generate an unrelated sample for testing the population-based association hypothesis. To test for the association between SNP genotypes and haplotypes and spine and hip BMD variations, ANOVA was performed for premenopausal women, postmenopausal women, and men separately, using SPSS version 11.5 (SPSS, Inc, Chicago, IL, USA). The proportion of BMD variations explained by each SNP was estimated by the ANOVA r 2 value. In premenopausal women, population-based methods such as ANOVA may produce false positive results in admixed or stratified populations. Therefore, we also performed a family-based association test using QTDT. The QTDT program, using the orthogonal model, was used to test for population stratification, linkage, and within-family association between SNP in the 2 genes and BMD phenotypes. The QTDT software package is available on the internet (http:// www.sph.umich.edu/csg/abecasis/QTDT/). This method, as implemented in the QTDT software [24, 25] , extends the triobased TDT to quantitative trait data and uses genotype data from available siblings and parents. Because in our nuclear families all of the children were daughters, and the effects of parents' phenotypes were excluded in the QTDT, sex was not used to as a covariate to adjust the daughters' bone phenotypes variations [26] . Of course, raw BMD values were adjusted by age and weight as covariates. Because false positive results might be generated in multiple tests as in the present study, to assess the reliability of the results, permutations (1000 simulations) were performed to generate the empirical P values [27] . P<0.05 was considered significant for all the analyses.
Results
Allele frequencies and LD analysis There were 401 nuclear families with 1260 individuals in the study, including 802 parents and 458 daughters. The basic characteristics of the study subjects are shown in Table 1 . All parental genotypes were obtained, and the bone phenotypic values of 383 postmenopausal women and 389 men were obtained and excluded to the secondary causes of osteoporosis.
A total of 1260 subjects were genotyped in the 2 SNP of adiponectin and 3 SNP of PPARGC1. The genotype and allele frequencies of the 2 markers and haplotypes in adiponectin are presented in Table 2 . T45G genotypes of adiponectin were in the Hardy-Weinberg equilibrium, while the G276T genotypes were not. The LD tests showed that D' was 0.87 between the 2 markers of adiponectin. The genotype and allele frequencies of the 3 markers and haplotypes in PPARGC1 are presented in Table 3 . The genotypes of 3 SNP in PPARGC1 were all in the Hardy-Weinberg equilibrium. Substantial LD existed between all pairs of genotyped markers (0.912≤ D' ≤0.962).
SNP association analyses with BMD Table 4 summarizes the results of the QTDT analysis. There were 324, 228, 269, 299, and 286 informative nuclear families for the TDT analysis in the Gly482Ser, Thr612Met, Thr394Thr, T45G, and G276T SNP, respectively. No population stratification was found for the each SNP in the PPARGC1 and adiponectin genes in the spine and hip BMD in premenopausal women. Significant within-family association was found between the Thr394Thr polymorphism in the PPGAGC1 gene and femoral neck BMD (P=0.026). Subsequent permutations were in agreement with this significant within-family association result (P=0.016). However, no significant within-family association was detected between each SNP in the adiponectin gene and BMD at any sites. Moreover, no significant results for linkage between every SNP of each gene and BMD in the spine and hip was observed, using tests of linkage and tests of linkage while modeling association (data not shown). Although within-family association between Thr394Thr SNP and femoral neck BMD is significant, this SNP only accounts for 0.70% of the variation in femoral neck BMD in 401 unrelated daughters randomly selecting from each of the 401 families as measured by the ANOVA r 2 value. In addition, no significant association was detected between each SNP in the 2 genes and BMD in the spine or hip in postmenopausal women or men (Tables 5, 6 ).
Haplotype association analyses with BMD We further observed the results of haplotype association analyses with BMD. Haplotypes were inferred from PPARGC1 SNP (Gly482Ser, Thr612Met, and Thr394Thr) and adiponectin SNP (T45G and G276T), respectively. On the basis of these polymorphisms, we found 4 and 7 different haplotypes in the adiponectin and PPARGC1 genes presented in our population, respectively. We identified 4 common haplotypes with >5% frequency in the PPARGC1 gene, and together these haplotypes accounted for 98.6% of the genotyped chromosomes. The frequencies of haplotypes of 2 SNP in the adiponectin gene were T-T for 44.9%, T-G for
29.2%, G-T for 26.2%, and G-G for 1.0% (Tables 2, 3).
In the group of premenopausal women, postmenopausal women, and men, no significant differences were found in BMD in any sites in those with two copies of the most common haplotype 4 (A-C-G) of PPARGC1 compared with those with no or 1 copy of the haplotype. With adiponectin haplotypes, haplotype 2 (T-T) was associated with lumbar spine BMD in postmenopausal women (P=0.019), and subjects carrying 1 copy of haplotype 2 had higher lumbar spine BMD than those with 2 copies of haplotype 2 (P=0.007; Table 7 ). 
Discussion
In this study, we investigated 2 of the most commonly studied SNP (G276T and T45G) in the adiponectin gene and 3 SNP (Thr394Thr, Gly482Ser, and Thr612Met) in the PPARGC1 gene, and examined the association between SNP and spine and hip BMD variations in our large cohort of healthy Chinese Han men and women. There was no evidence of association between BMD and adiponectin SNP in both sexes. However, significant within-family association was detected for the Thr394Thr polymorphism in the PPARGC1 gene with peak BMD in the femoral neck in premenopausal women. Furthermore, population stratification was not detected for the Thr394Thr polymorphism in the spine and hip BMD. The QTDT examined the transmission of alleles from parents to offspring. The within-family association test can eliminate the effect of admixed and stratified population. Although the QTDT is less powerful for the detection of association than the population-based association test [28] , we used a large sample size of 401 Chinese nuclear families, and obtained 269 informative nuclear families for the TDT analysis at Thr394Thr SNP. Therefore, the evidence of tests of within-family association should be more valuable due be the robustness of the TDT approach. Furthermore, because false positive results might be generated in multiple tests as in the present study, we performed 1000 permutations to eliminate false positive results. Subsequent permutations analyses confirmed this significant within-family association result (P=0.016). However, this SNP was not associated with BMD in the spine and hip in Table 7 . Association of haplotypes of PPARGC1 and adiponectin with BMD. c P=0.007 vs haplotype T-T/T-T. postmenopausal women and men. As a result, our findings indicate that Thr394Thr SNP in PPARGC1 is of importance for the attainment of peak BMD, but not for age-dependant bone loss. Indeed, the attainment and maintenance of peak bone mass and the rate of bone loss at menopause or old period was influenced by different genetic factors [29] . Using population-based methods of analyses, we found that Thr394Thr SNP explained a very small proportion of the variation (0.7%) in femoral neck BMD in premenopausal women. Meanwhile, haplotypes constructed from the 3 SNP (Thr394Thr, Gly482Ser, and Thr612Met) in PPARGC1 showed no significant association with BMD in both sexes. Therefore, despite significant evidence of within-family association between Thr394Thr SNP and femoral neck BMD, SNP genotypes in the PPARGC1 is not a major contributor to the observed variability in BMD in Chinese women and men.
PPARGC1-Haplotype Adiponectin-Haplotype
We found that genotype frequencies at both the Thr394Thr and Gly482Ser polymorphic sites were in agreement with the Hardy-Weinberg equilibrium, and the 2 polymorphisms showed a highly significant standardized pairwise LD (D'=0.912). Genotype frequencies at both Thr394Thr and Gly482Ser polymorphisms in our population were similar with Hara et al, who demonstrated that the Thr394Thr and Gly482Ser polymorphisms were in strong, but not in complete LD (D'=0.86) in a Japanese study containing 537 type 1 diabetic patients and 417 nondiabetic subjects [20] . Previous studies found that the amino acid exchange at Gly482Ser was conservative and did not create or eliminate protein motifs known to be functional, and the Thr394Thr polymorphism in exon 8 was G-to-A substitution and did not result in amino acid exchange [30] . We observed a significantly positive association between weight and BMD in present Chinese women and men. Several studies showed significant relationships between the Thr394Thr and Gly482Ser polymorphisms and haplotypes with weight, BMI and obesity [15, 16] , however, we failed to find significant relationships between every SNP and haplotypes in the PPARGC1 gene and height, weight, and BMI in the within-family association test (through QTDT), or in the 401 unrelated children (through ANOVA, data not shown). Furthermore, for tests of withinfamily association, BMD values were adjusted for age and weight using QTDT. Recent studies have identified rodent quantitative trait locus associated with increased BMD in the mouse gene encoding 12/15-lipoxygenase [31] , the enzyme that converts linolein acid and arachidonic acid into endogenous ligands for the PPARγ [32, 33] . Several studies have shown that myoblastic cell lines can be converted to adipocytes through the expression of PPARγ, and ligand activation of PPARγ derives the differentiation of multiprotein mesenchymal progenitor cells towards adipocytes over osteoblasts [34] . Akune et al [35] further found the relationship between osteogenesis and adipogenesis using cells and animal deficient in PPARγ expression. The results showed that homozygous PPARγ-deficient ES cells failed to differentiate into adipocytes, but spontaneously differentiated into osteoblasts; PPARγ haploinsufficiency enhanced osteoblastogenesis in vitro and increased bone mass in mice in vivo. In addition, an exonic SNP in the PPARγ gene is associated with total body BMD in Japanese postmenopausal women [36] . Therefore, PPARGC1 is a co-activator of PPAR-γ and other nuclear hormone receptors. Taken together with the results in this study, these findings support the involvement of Thr394Thr SNP in PPARGC1 gene in the attainment of peak BMD, perhaps through a PPARγ-dependent pathway.
Our results showed no significant association between 2 SNP in the adiponectin gene, spine and femoral neck BMD variations in Chinese women and men using the populationbased analyses and the powerful QTDT. Meanwhile, as with SNP in the PPARGC1 gene, we failed to find significant associations between each SNP and haplotypes in the adiponectin gene, height, weight and BMI in the within-family association test (through QTDT) or in 401 unrelated daughters (through ANOVA). Our findings are agreement with Takahashi et al, who found no such relationship with the same SNP in a Japanese study [37] . We found that the most common haplotype 2 (T-T) in the adiponectin gene was associated with lumbar spine BMD in postmenopausal women, and containing one copy of T-T haplotype in adiponectin, had higher lumbar spine BMD compared with 2 copies of the T-T haplotype. However, the biology of this association between haplotype 2 (T-T) and BMD in the spine in postmenopausal Chinese women has been unclear. The T45G polymorphism is a silent T to G substitution in exon 2, and G276T polymorphism is a G to T substitution in intron 2. Menzaghi et al [10] observed a significant association between circulating adiponectin levels and T45G and G276T polymorphisms in 413 nondiabetic individuals. Although plasma adiponectin concentrations are reported to be negatively associated with obesity and diabetes [12, 38] , the relationship between circulating adiponectin levels and bone mass have been contrary [12, 13] . A recent study has demonstrated that adiponectin increases bone mass by suppressing osteoclastogenesis and possibly activating osteogenesis [39] . These findings were also confirmed by Luo et al [40] who observed that adiponectin induced human osteoblast proliferation and differentiation, and the proliferation response was mediated by the adiponectin receptor (AdipoR)/c-jun N-terminal kinase pathway, while the differentiation response is medi-ated via the AdipoR/p38 pathway. These findings suggest that osteoblasts are the direct targets of adiponectin. Nevertheless, our present study demonstrated that genetic variations in the adiponectin gene did not influence peak BMD variation in Chinese women. Therefore, future more functional SNP in this gene need to be investigated.
Because all nuclear families in this study consisted of only 2 generations, and 53 nuclear families containing 62 sib pairs are informative for the linkage analyses, no linkage for SNP in the adiponectin and PPARGC1 genes with BMD in the spine and hip was detected.
To our knowledge, this is the first study to investigate the possible influence of SNP and haplotypes in the adiponectin and PPARGC1 genes of BMD in the spine and hip. Although previous studies have demonstrated that SNP and haplotypes in the adiponectin and PPARGC1 genes were associated with obesity and metabolism syndrome, these studied SNP in the adiponectin and PPARGC1 genes are not major risk factors for low peak BMD and osteoporosis in the present study. Our study has several limitations due to the few SNP studies published, and no functional study of polymorphism. Therefore, our results should be interpreted cautiously, and future functional SNP in the promoter region or code for amino acid sequence change are needed for better understanding of the role of the 2 genes in the bone mass in the Chinese population. Of course, our study also has several advantages: subjects were selected from a relatively large sample size of nuclear families, and we performed the tests of population-based association and family-based association, and applied haplotype analysis. In addition, considering the false positive results due to multiple tests, we performed 1000 permutations analyses.
In conclusion, our results showed that Thr394Thr SNP in the PPARGC1 gene were associated with peak BMD in Chinese women, but this SNP explains a very small proportion of the variation in femoral neck BMD. Confirmation of our results is needed in other populations and with more functional markers within and flanking the PPARGC1 or adiponectin gene region.
